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Abstract 
CO2 is among the primary greenho 2 from 
process streams is of great importance to minimize greenhouse gas emissions from fossil fuels. The post combustion 
capture process consists of two steps, CO2 capturing by chemical absorption and solvent regeneration. The CO2 is 
subsequently stored in geological or other reservoirs. Aqueous ammonia can be used as absorbent for CO2. Ammonia 
is a low cost chemical in widespread commercial use and has the potential advantage of being free of degradation to 
hazardous molecules. Above all ammonia requires up to 40 % lower regeneration energies compared to organic 
amines. The major concern using ammonia as capturing solvent is its high volatility. A possible approach to lower 
ammonia partial pressure is the elevation of the ammonia boiling temperature by additives is presented in this study. 
Selected inorganic salts were studied as vapour suppressing additives for aqueous ammonia.  
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Introduction 
The emission of the greenhouse gas carbon dioxide (CO2) from point sources into the atmosphere is of 
particular concern as they are associated with increasing greenhouse gas emissions and the consequent 
impacts on climate. Among such point sources are coal-fired power stations. One method of reducing 
atmospheric CO2 emissions is through its capture at a point source and subsequent storage in geological 
reservoirs or its subsequent use in certain chemical processes. The process for capturing CO2 from power 
stations and other combustion device flue gases is termed post combustion capture (PCC). The solvent-
based PCC process is based on chemical absorption and subsequent release of CO2. The most attractive 
solvents for CO2 capture are those having such properties as high thermal stability, low vapour pressures, 
non-flammability, and non-toxicity. Such materials have the potential to capture CO2 with minimal 
solvent loss in the gas stream. Organic amine solutions and aqueous ammonia are among the most widely 
studied solvent systems. When the widespread rollout of PCC technology is realised, enormous quantities 
of solvent will be required. The quantity of solvent that will be used cyclically in a PCC plant of this 
magnitude is unprecedented. The potential environmental impacts of solvents and solvent degradation 
products produced via oxidative and thermal processes needs consideration [1,2,3]. Especially the release 
of those chemicals to the environment through solvent slippage might occur under these conditions.  
The use of solutions of ammonia for removing CO2 from flue gas streams is attractive from a chemistry 
perspective, with a number of important advantages relative to systems that employ organic amines as the 
solvent. Ammonia is a low cost chemical, in widespread commercial use. Another advantage is that SOx 
and NOx can be absorbed by ammonia and the spent solvent solution can be used as a fertilizer. The 
overall energy required for such a process is projected to be around 40% of that required for 
monoethanolamine (MEA) systems.  
For the ammonia process, the solvent solution consists of dissolved ammonia and dissolved CO2 
(aqueous) in equilibrium with ammonium ions, bicarbonate ions and to a lesser extent carbonate. In the 
absorber, water and ammonia react with CO2 to form bicarbonate ions or ammonium carbamate ions, with 
the reaction reversed in the stripper by the application of energy. The relevant aqueous phase reactions 
can be summarized by the following overall equations (Eq. 1-4): 
CO2 + H2O + NH3 3- + NH4+ 1 
CO2 + 2NH3 2COO- + NH4+ 2 
HCO3- + NH3 32- + NH4+ 3 
CO32-  + H2O + CO2 3- 4 
Sparging aqueous ammonia solutions with a gas stream such as in a post-combustion capture process will 
result in some ammonia leaving the solution and entering the gas phase. The amount of free ammonia in 
the gas phase exiting the absorber is proportional to the amount of aqueous ammonia, which is controlled 
by solution chemistry and thermodynamic factors such as the temperature. Higher temperatures increase 
the amount of ammonia in the gas phase. The major concern with the ammonia process has been 
ed with both the absorber and the stripper. One possible approach to 
mitigating ammonia slip from capture plants is the use of additives to elevate the aqueous ammonia 
boiling temperature, thus decreasing ammonia loss via a salt- or azeotropic effect or preferential solvation 
of ammonia by certain salt-ions. 
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It is an object of the present study to overcome or at least alleviate the problem of ammonia loss in 
ammonia based CO2 capture solvents. The present work provides a process for removing CO2 from a CO2 
containing gas stream comprising the steps of contacting the CO2 containing gas stream with an ammonia 
solution; the ammonia solution containing a soluble salt. The soluble salt is selected to contain cations 
from the group IA with counter anions selected from the group of anion of group VIIA elements. 
 
1. Materials and Methods 
2.1 Experimental Methods 
Ammonium hydroxide solution ACS reagent, 28.0-30.0% NH3 basis was purchased from Sigma-Aldrich. 
The salt used in this study was CsCl, 99.9% from Sigma-Aldrich. Milli-Q water was used throughout this 
study. 
Vapour pressure measurements were performed with a vapour liquid equilibrium apparatus consisting of 
a stirred 160mL jacketed glass reactor vessel (Parr model 5104). The reactor vessel was fitted with a 
pressure transducer (Swagelok, accuracy 0.5% limit point calibration) and T-type thermocouples for high 
accuracy pressure and temperature measurements. The vessel was filled with 140mL solution and 
thermostated with a heating element in the reactor - solution and an external thermostated reactor jacket. 
The temperature of the reactor jacket was kept 1.5 C below the actual temperature of the solution and the 
actual solution temperature was reached by constant heating with a heating element inside the reactor. 
The solution was stirred at 600 rpm to equilibrate temperature. This leads to constant and controlled 
heating with the heating element inside the solution. This procedure showed an accuracy of the 
temperature of about 0.1 C. The vapour pressure was allowed to equilibrate for at least 7 hours until 
pressure and temperature values were constant before values were recorded in on a computer using 
LabView. For the absolute equilibrium vapour pressure values for ammonia, the vapour pressure of an 
ammonia-free water solution was subtracted from that of the ammonia-containing sample at the same 
temperature. 
For the time dependent study of vapour pressure equilibration, the difference between the sensor pressure 
reading of the apparatus and the actual lab pressure (measured using a barometer) was used.  
 
 
2.2 Simulations 
For a systematic study of the influence of cation-size on the strength of electrostatic interactions, alkali-
metal cation - NH3 interactions have been calculated. The composite G4 method was used to determine 
the strength of Li+-, K+-, and Na+ - NH3 [4,5]. These calculations were performed with version 9 of the 
Gaussian software suite [6]. Cs+ - NH3 interaction strength were calculated in GAMESS using a density 
functional approach at the M06-2X/RECP-TZVPPD level of theory.  This approach only involves the 
outer 9 valence electrons of Cs+ with an augmented triple-zeta basis set.[7,8] The K+ - NH3 system was 
used to compare the accuracy of the results for Gaussian 09 and Gamess. Excellent agreement (deviation 
< 2%) was found for the density functional versus model chemistry approach. 
Free energies of solvation were calculated using the GAMESSPLUS software package. Standard 
molecular cavity. The free energies were corrected for the correct reference state of 1 mol/l with 
RTln(24.4) [9]. 
Free energies for the reaction of alkali metal cations (X+) with ammonia presented in Eq. 5 at 298 K have 
been calculated using Eq. 6. 
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From the free energies, equilibrium constants (Keq) have been derived using Eq. 7 with R being the gas 
constant and T the temperature which was 298 K in this study. 
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2. Results and discussion 
To verify the experimental set-up for vapour pressure measurements, the vapour pressure of 10 wt% 
aqueous ammonia was measured and compared to calculated values using the equation of state. Excellent 
agreement between measured and calculated vapour pressure values was found. Temperature dependent 
vapour pressure values from both methods are presented in form of a Clausius Claperion plot in Figure 1 
(ln(p) vs. 1/T). The heat of vaporisation for ammonia ( v) calculated from the slope of the linear fit (k) 
to the data with Eq. 8 was 37.5kJ/mol. This value is in very good agreement with the literature values, 
mostly reported between 34.0  39.0 kJ/mol [10,11,12]. 
 
 
kRHv  8 
 
 
 
Figure 1: Clausius Claperyon plot for 10 wt% aqueous ammonia. The black points are experimentally measured values using the 
VLE apparatus and the red crosses are calculated values using the equation of state. The full line is a linear fit to the experimental 
values with a slope of -4.5. 
The vapour pressure of 10 wt% aqueous ammonia at 313 K before and after addition of 1 wt% CsCl is 
presented in Figure 2.  
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Figure 2: Time dependent comparison of vapour pressure values for a 10 wt% ammonia-water system and the same system 
containing 1 wt% CsCl (black- and red line respectively) at 313 K. The vapour pressure values are relative to the atmospheric 
pressure. 
 
The time dependent behaviour of the vapour pressure shows that equilibration of the system takes about 
seven hours in the VLE apparatus used in this study. A reduction of the vapour pressure in the CsCl-
ammonia system of around 20 % could be observed. This alteration of the volatility of ammonia can be 
caused by interactions of ammonia with the salt-ions that possibly result in the formation of association 
complexes or clusters of molecules of ammonia and the salt-ions. Electrostatic interactions occurring 
between alkali metal cations and ammonia have been studied using ab-initio methods. The Gibbs free 
energy of the reaction in solution for different alkali-metal cations with ammonia shows decreases with 
increasing bond-length from Li+ to Cs+.The equilibrium constants for the reaction of Li+, Na+, K+ and Cs+ 
with ammonia was calculated from the Gibbs free energies. The results are presented in Table 1. The 
values for Keq suggest that the complex formation is the reason for a reduced evaporation of ammonia in 
these systems. In addition, the strength of the interaction is increasing with increasing cation size (from 
Li+ to Cs+). A possible explanation for this is that dipole interactions increase with increasing 
polarizability of the cation (the polarizability increases with cation size).  
 
Table 1. Gibbs free energies of the reactions and equilibrium constants of ammonia and alkali-metal cations at 298 K and 1.013 atm. 
X R [kJ/mol] Keq 
Li+ 71.4 3.07e-13 
Na+ 33.1 1.59e-06 
K+ 10.5 0.0146 
Cs+ 2.92 0.307 
3. Conclusion 
The influence of various alkali-metal cations on the vapour pressure of ammonia has been studied with 
experimental and ab-initio computational methods. Ammonia vapour suppression has been observed in 
246   Stefan Salentinig et al. /  Energy Procedia  37 ( 2013 )  241 – 246 
presence of these ions. The results suggest that strong electrostatic interactions lead to intermolecular 
complex or cluster formation. These intermolecular aggregates lead to a reduction in the ammonia vapour 
pressure. 
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